We have investigated the role of the small GTP-binding protein Rho in cytokinesis by microinjecting an inhibitor, C3 ribosyltransferase, into cultured cells. Microinjection of C3 into prometaphase or metaphase normal rat kidney epithelial cells induced immediate and global cortical movement of actin toward the metaphase plate, without an apparent effect on the mitotic spindle. During anaphase, concentrated cortical actin filaments migrated with separating chromosomes, leaving no apparent concentration of actin filaments along the equator. Myosin II in injected epithelial cells showed a diffuse distribution throughout cell division. All treated, well-adherent cells underwent cleavage-like activities and most of them divided successfully. However, cytokinesis became abnormal, generating irregular ingressions and ectopic cleavage sites even when mitosis was blocked with nocodazole. The effects of C3 appeared to be dependent on cell adhesion; less adherent 3T3 fibroblasts exhibited irregular cortical ingression only when cells started to increase attachment during respreading, but managed to complete cytokinesis. Poorly adherent HeLa cells showed neither ectopic cleavage nor completion of cytokinesis. Our results indicate that Rho does not simply activate actin-myosin II interactions during cytokinesis, but regulates the spatial pattern of cortical activities and completion of cytokinesis possibly through modulating the mechanical strength of the cortex.
C
YTOKINESIS is believed to involve localized cortical contraction through interactions of actin and myosin II filaments. After chromosomal separation at anaphase onset, cortical actin and myosin II begin to move toward the equatorial region, where they form a contractile cleavage furrow (for reviews see Mabuchi, 1986; Salmon, 1989; Satterwhite and Pollard, 1992; Fishkind and Wang, 1995; Glotzer, 1997) . However, the cleavage process may involve more than actin-myosin II interactions along the equator. For example, detailed three-dimensional studies of the organization of actin and myosin do not support a simple "purse string" model in cultured mammalian cells and Dictyostelium (Fishkind and Wang, 1993; Neujahr et al., 1997b) . In addition, myosin II-null Dictyostelium are capable of initiating and completing a furrow when attached to a substrate (Neujahr et al., 1997a) , and the budding yeast Saccharomyces cerevisiae can undergo cytokinesis in the absence of myosin II or an intact F-actin cytoskeleton (Bi et al., 1998) .
Equally important are the signaling events that coordinate cortical dynamics with chromosomal separation. Previous studies have indicated that Rho, a ubiquitous protein of the Ras family (for reviews see Narumiya, 1996; Ridley, 1996; Hall, 1998) , plays an important role in regulating the actin cytoskeleton. In interphase Swiss 3T3 fibroblasts, Rho regulates the actin cytoskeleton by promoting the assembly of stress fibers and focal adhesions (Ridley and Hall, 1992; Horiguchi et al., 1995) , possibly through elevating the level of phosphorylation of the myosin II regulatory light chain (Kimura et al., 1996) . However, there are additional, poorly characterized effectors of Rho (Kinoshita et al., 1997; Narumiya et al., 1997; Madaule et al., 1998) , which might account for the variability of observations among different cell types (Nishiki et al., 1990; Allen et al., 1997; Kozma et al., 1997) .
Several studies with embryos indicate that Rho is required for the reorganization of actin cytoskeleton and the maintenance of cleavage activities during cell division (Kishi et al., 1993; Mabuchi et al., 1993; Drechsel et al., 1996) . Inhibition of Rho prevented cytoplasmic division from taking place and caused existing furrows to regress.
Inhibition of one of the downstream effectors of Rho, a novel protein kinase that localizes to the cleavage furrow, also caused inhibition of cytokinesis (Madaule et al., 1998) . These observations, together with the disassembly of stress fibers and focal contacts during cell division, lead to the hypothesis that Rho may be deactivated as cells enter mitosis. Its reactivation during cytokinesis may then be responsible for the generation and maintenance of cell ingression.
We have investigated the role of Rho in cultured cells during division by microinjecting C3 ribosyltransferase, a Clostridium botulinum toxin that specifically inactivates Rho by ADP ribosylating its Asp 41 residue (Sekine et al., 1989) , into mitotic normal rat kidney (NRK) 1 epithelial cells, Swiss 3T3 fibroblasts, and HeLa cells. We found that C3 inhibited the cleavage of only poorly adherent HeLa cells. The majority of firmly attached NRK cells cleaved successfully, but showed irregular ingressions without an apparent concentration of F-actin or myosin II along the equator. Our results suggest that Rho may be involved in defining the spatial and temporal pattern of cleavage. In addition, the intriguing adhesion-dependent responses of dividing cells to C3 provide new insights into the mechanism of cytokinesis.
Materials and Methods

Cell Culture
A well spread subclone (NRK-52E) of NRK epithelial cells, Swiss 3T3 fibroblasts, and HeLa cells (American Type Culture Collection) were cultured on glass coverslips as described previously (McKenna and Wang, 1989) . NRK cells were grown in Kaighn's modified F12 medium (Sigma Chemical Co.) containing 10% FCS (JRH Biosciences), 1 mM l -glutamine, 50 g/ml streptomyosin, and 50 U/ml penicillin. 3T3 fibroblasts and HeLa cells were cultured in Dulbecco's modified Eagle's medium (Sigma Chemical Co.) supplemented with 10% donor calf serum (JRH Biosciences), l -glutamine, and antibiotics as above.
Protein Preparation and Microinjection
C3 transferase was either purchased from Calbiochem or received as a gift from Dr. S. Narumiya (Kyoto University, Kyoto, Japan). The cells responded the same to C3 from both sources. It was stored as 1.0 mg/ml aliquots in 5 or 10 mM Hepes at Ϫ 80 Њ C and was microinjected at concentrations ranging from 0.2 to 1.0 mg/ml with fluorescein dextran as a marker (Molecular Probes). Injection of fluorescein dextran alone had no effect on mitosis or cytokinesis. Rhodamine tubulin was prepared as described by Wheatley and Wang (1996) , and cells were microinjected as described previously (Wang, 1992) .
pGEX RhoA, RhoA V14 , and RhoA L63 constructs were expressed in the Escherichia coli strain XL-1 blue and proteins were purified essentially as described in Self and Hall (1995) . Proteins were stored at Ϫ 70 Њ C in aliquots of 50 l and activities were verified based on their ability to induce cell rounding as described by Allen et al. (1997) . Wild-type RhoA was microinjected at a concentration of 2.0 mg/ml, and the dominant positive mutant proteins were microinjected at 0.1-0.5 mg/ml.
Labeling of Surface Receptors and Drug Treatments
Carboxylated polystyrene beads were prepared as described previously (Wang et al., 1994) . Briefly, 0.1-m yellow-green fluorescent beads (Molecular Probes) were washed three times by centrifugation in an Airfuge (Beckman Instruments) and resuspended by sonication in PBS with 1% BSA (Sigma Chemical Co.). Surface receptors were labeled by incubating cells with beads at 10-100 ϫ dilution for 2 min, followed by at least five rinses with medium.
Cells were treated with cytochalasin D (Sigma Chemical Co.) by replacing the medium with 2 or 5 M cytochalasin D in culture medium. Depolymerization of microtubules was induced by treating cells with 2.5 M nocodazole (Sigma Chemical Co.). Both cytochalasin D and nocodazole were diluted into the medium immediately before use, from frozen stock solutions of 2 and 10 mM, respectively, in DMSO. In most experiments cells were microinjected with C3 at prometaphase or metaphase, then treated with the drugs at specified stages of division.
Fixation and Staining
Fixation solutions for actin, tubulin, and myosin were prepared with cytoskeleton buffer (Small, 1981 (Small, , 1982 . Actin filaments were preserved by fixing cells in warm 0.5% glutaraldehyde and 0.2% Triton X-100, followed by postfixation in 1% glutaraldehyde. Cells were treated with 0.5 mg/ml NaBH 4 to reduce autofluorescence and stained with 200 nM FITC-phalloidin or TRITC-phalloidin (Molecular Probes) for 30 min. Microtubules were preserved similarly, except Triton X-100 was at a concentration of 0.1%. Tubulin was immunostained using anti-␤ -tubulin mAb (Amersham Corp.) at a dilution of 1:10 and FITC or TRITC-conjugated secondary antibodies (Sigma Chemical Co.) at a dilution of 1:100. Myosin II was preserved by fixing cells for 1 min in warm 1% formaldehyde, 0.1% glutaraldehyde, and 0.3% Triton X-100, followed by postfixation for 15-20 min in 0.5% glutaraldehyde. Myosin II was immunostained with an anti-platelet myosin II antiserum (a gift from Dr. K. Fujiwara, National Cardiovascular Center, Osaka, Japan) at a dilution of 1:100.
Spindle poles were located by methanol fixation and subsequent staining with anti-␥ tubulin (Sigma Chemical Co.) at a dilution of 1:1,000. Fixation and staining of Telophase Disc 60 protein (TD60) were performed as described by Wheatley and Wang (1996) .
Microscopy and Data Collection
Imaging of cells was done using either an Axiovert 10 or an IM35 inverted microscope (Carl Zeiss), with a ϫ 40, N.A. 0.75 plan-achroplan phase-contrast lens or a ϫ 100, N.A. 1.3 neofluar lens. Images were acquired and processed using a cooled CCD camera (model TE/CCD-576EM; Princeton Instruments) and custom designed hardware and software. Optical sectioning and three-dimensional reconstruction were performed with custom software and a computer-controlled stepping motor (Fishkind and Wang, 1993; Wang, 1998) .
Results
C3 Transferase Induces Poorly Regulated Cleavage Activities
The effects of Rho on cell cortical activities were investigated by microinjecting 0.2 mg/ml C3 transferase, a specific inhibitor of Rho proteins. Identical results were observed using 1.0 mg/ml C3, indicating that the injection exerted saturating effects on cells. Upon exposure to the toxin, interphase 3T3 fibroblasts and isolated NRK cells retracted and produced long, dendritic processes, similar to what was documented in previous studies (Rubin et al., 1988; Chardin et al., 1989; Ridley and Hall, 1992) .
Both interphase and mitotic NRK cells within a monolayer showed a transient increase in surface area upon microinjection with C3 ( Fig. 1 , f and g, k and l). Mitotic cells then developed an elongated cleavage furrow between separating chromosomes (95%, n ϭ 20 Fig. 1 , h-j and l-o) as if the cleavage activity were spread over a wide area. In addition, while most injected NRK cells completed cytokinesis (55%, n ϭ 20 Fig. 1 j) , cleavage became poorly coordinated with mitosis. Ingressions in many cells started at random sites well before the onset of anaphase (25%, n ϭ 16 Fig. 1 l) . Moreover, 57% of C3-injected cells developed randomly placed ectopic furrows, which lead to the forma-tion of anuclear fragments (Fig. 1 , i and j and n and o, arrows). Cytokinesis failed in 45% of injected cells, not due to the lack of ingression but apparently to the disorganization of cortical activities. As for cleavage in normal cells, ingression in the presence of C3 was inhibited by cytochalasin D.
The effects of C3 were dependent on the timing of microinjection. When C3 was microinjected into NRK cells already undergoing cytokinesis (Fig. 2 , n ϭ 15), the cleavage continued to completion 100% of the time (Fig. 2, d and h). In 53% of these cells cytokinesis showed no detectable abnormalities (compare Fig. 2 , a-d with Fig. 1, c-e) . The remaining cells showed some abnormal cortical activities outside the equator (Fig. 2, g and h) , without impairing the morphology or progression of the cleavage furrow.
Both transient spreading and irregular ingression induced by C3 appeared to depend on cell-cell adhesions Figure 1 . Time lapse images of control NRK cells and cells microinjected with C3 transferase during prometaphase or metaphase. Approximate time in minutes relative to anaphase onset is located in the upper right corner. Control cells (a-e) developed a narrow cleavage furrow along the equatorial plane (c-e). Cells microinjected with C3 underwent immediate spreading in all directions (f and g, k and l; f and k were recorded immediately after microinjection). Ingressions were poorly regulated and initiated at several points around the cell after anaphase onset. An elongated cleavage furrow (j, arrowhead) formed as a result of the broad ingression that developed between separating chromosomes. Another cell initiated an ingression before anaphase onset (l), but did not complete cleavage between the sets of chromosomes. Ectopic furrows were common in C3-injected cells (i and j and n and o, arrows). Bars, 20 m. and associated mechanical interactions. Isolated NRK cells and cells located at the edge of a colony showed neither transient increase in surface area nor extensive ectopic cortical activities along the free boundary, although the cleavage furrows were still elongated (not shown).
To further investigate the role of cell adhesion, C3 was injected into 3T3 fibroblasts that round up during mitosis (Fig. 3) . Unlike NRK cells, no spreading was observed immediately after the microinjection of C3. The initiation of cytokinesis in C3-injected cells appeared indistinguishable from that of control 3T3 cells (Fig. 3 g) . However, the effects of C3 became clear as the cell started to spread out. The furrow elongated as in NRK cells, while other regions of the cell developed additional sites of ingression or ectopic furrows (Fig. 3, i and j) . Control cells never developed such broad or ectopic furrows. All C3-injected 3T3 cells completed cytokinesis ( n ϭ 5; Fig. 3 j) .
C3 was also microinjected into HeLa cells that are very weakly adherent to the substrate and their neighbors (Fig.  4) . A large fraction of injected HeLa cells either detached from the dish during microinjection or failed to initiate anaphase. Of the limited number of cells injected with C3 that proceeded into anaphase, which we took as an indication of proper injection, all failed cytokinesis ( n ϭ 5; Fig. 4 , g and h). Some of them showed clear signs of the initiation of cleavage, but never made further progress ( n ϭ 2; Fig. 4,   g and h) . HeLa cells that were microinjected with buffer alone were able to cleave successfully (Fig. 4 d) .
The opposite manipulation, artificial activation of Rho, can be achieved by microinjecting either excess wild-type or GTP-independent, dominant positive mutant forms. In the present study this approach was limited to one isoform, RhoA. Neither excess wild-type nor dominant positive mutants of RhoA caused visible effects on dividing NRK cells (not shown), even though the same proteins were found to induce rounding of interphase macrophages as reported by Allen et al. (1997) . In addition, no effect was observed when cells were treated with lysophosphatidic acid, which activates Rho proteins in interphase cells (Ridley and Hall, 1992) .
Microinjection of C3 Disrupts the Organization of Cortical Actin and Myosin
The spread morphology of dividing NRK cells facilitated a more detailed investigation of cortical organization and dynamics. Fig. 5 shows the distribution of actin and myosin II in control cells (a and a Ј , c and c Ј ) and C3-injected cells (b and b Ј , d and d Ј ). In control cells a band of concentrated actin filaments is visible in the cleavage furrow (Fig. 5 a Ј ) . In C3-injected cells, despite the formation of cortical ingressions and elongated furrows, phalloidin staining showed no 
. Time lapse images of control (a-d) and C3-injected HeLa cells (e-h).
Approximate time in minutes relative to anaphase onset is located in the upper right corner. Cells injected with C3 were not able to complete cytokinesis (h), although some did attempt a weak furrow that could not progress (g and h). Control cells injected with 10 mM Hepes, pH 7.5, had no difficulty completing division (c and d). Bar, 20 m. apparent concentration of actin filaments at the sites of furrowing or ingression. Actin filaments in the equatorial region are oriented predominantly along the spindle axis (Fig. 5 b Ј ) . In addition, all injected cells developed a curious local concentration of cortical actin filaments in the vicinity of one or both sets of separated chromosomes and associated spindle poles (Fig. 5 b Ј , arrows) . In most cells these concentrated actin filaments appeared as a cluster of aggregates.
Immunofluorescence staining of myosin II indicated that all control cells developed a concentrated band of myosin II along the equator (Fig. 5 c Ј ) . However, no C3-injected cells showed a detectable concentration of myosin II in the furrow or at the cluster of cortical actin filaments (Fig. 5 d Ј ) .
Inhibition of Rho Causes Premature Cortical Flow in Dividing Cells
The reorganization of cortical actin during normal cell division is known to involve directional movements toward the equator (Cao and Wang, 1990) , which can be easily followed by tracking associated surface receptors using charged fluorescent latex beads (Wang et al., 1994) . In control NRK cells, such movement occurs only after anaphase onset, and is limited in a region roughly defined by the spindle interzone (Wang et al., 1994) .
When cells were injected with C3 transferase at prometaphase or metaphase, surface-bound beads immediately started directional movement toward a central region of the cell, near the congregated chromosomes (Fig. 6, a and  b) . In addition, the movements were observed over most of the, if not the entire, top surface. During anaphase, the cluster of beads either followed the movement of one set of chromosomes (Fig. 6 c) , or split into two and moved with each set (see Fig. 5 b Ј ) , as if they were tethered to the chromosomes. This cortical movement clearly accounts for the lack of concentration of actin filaments along the equator and the concentration over the segregated chromosomes/ spindle poles as described above.
C3-induced Cortical Ingression Persists upon the Depolymerization of Microtubules
The above observations suggest that C3 may disrupt the coordination between mitosis and cytokinesis. In control NRK cells, depolymerization of microtubules before anaphase onset causes arrest of mitosis and inhibition of cytokinesis. Depolymerization after the initiation of the cleavage furrow causes it to regress or to follow an irregular path (Wheatley and Wang, 1996; Wheatley et al., 1998) . However, all C3-injected NRK cells proceeded with cleavage when treated with the microtubule depolymerizing drug nocodazole after anaphase onset (Fig. 7, c-e) . Even when nocodazole was added at metaphase, broad ingressions developed despite the inhibition of mitosis (Fig. 7, f-j) . Unlike NRK cells, 3T3 cells showed no C3-induced cleavage activity in the presence of nocodazole. 
C3 Transferase Causes No Direct Effect on Mitosis
Contrary to the dramatic effects on the cortex and actin organization, no apparent effect was observed in C3-injected cells with regard to chromosomal separation or nuclear envelope reformation, confirming that the effects on cortex were not caused by the disruption of mitosis or cell cycle. Moreover, imaging of microinjected fluorescent tubulin showed no change in microtubule organization during metaphase or anaphase (Fig. 8, f and g ), nor was there apparent effect on the elongation of astral microtubules. During telophase, wavy interzonal microtubules formed along the equator, most likely due to irregular cortical ingressions (Fig. 8, h and i) . In addition, the elongated furrows were probably responsible for the formation of an extended bundle of microtubules flanking the midbody (Fig. 8 j) . However, no prominent microtubule bundle was detected near ectopic furrows.
TD60 antigen, a chromosomal passenger protein that relocates to the equatorial cortex during telophase, has been implicated in signaling cytokinesis (Andreassen et al., 1991; Margolis and Andreassen, 1993; Wheatley and Wang, 1996) . Figure 7 . Effects of microtubule depolymerization on C3-induced cleavage. NRK cells were microinjected with C3 during metaphase followed by treatment with 2.5 M nocodazole. Time in minutes after the addition (t ϭ 0) of nocodazole is located in the upper right corner. When cells were treated with nocodazole after anaphase onset or at the initiation of cytokinesis (a-e) the furrow continued to ingress. Those locked in metaphase with nocodazole treatment (f-j) underwent cortical ingression without entering anaphase (g and h). This cell eventually divided into a daughter cell containing all of the chromosomes and an anuclear fragment (i and j, arrows). Bar, 20 m. Figure 8 . Organization of microtubules in control and C3-injected mitotic NRK cells. In a control cell microinjected with rhodamine-labeled tubulin (a-e), kinetochore microtubules shortened, while midzone microtubules elongated. The spindle poles separated as the cell progressed from metaphase through anaphase (a-c). Prominent microtubule bundles were associated with the midbody during telophase (e). Microtubules in a C3-injected cell (f-j) underwent similar changes, except that midzone microtubules became distorted (compare c and d, with h and i). A long bundle of microtubules formed in the extended cleavage furrow (j). Bar, 10 m.
The pattern of TD60 redistribution was unaffected by the microinjection of C3 (Fig. 9, a and b) , and no concentration of TD60 was found near ectopic furrows. Similarly, there appeared to be no disruption to spindle poles, as visualized by staining with anti-␥ -tubulin antibodies (Fig. 9,  c and d) .
Discussion
All observations to date indicate that the mitotic apparatus directs the formation, initiation, and progression of the cleavage furrow in tissue culture cells. There is evidence that at least part of the signal originates from the chromosomal region at anaphase onset (Cao and Wang, 1996; Wheatley and Wang, 1996) . However, except for several novel proteins such as TD60 and INCENP (Cook et al., 1987; Andreassen et al., 1991; Earnshaw and Bernat, 1991; Margolis and Andreassen, 1993) , few molecules have been identified that may mediate the coordination between mitosis and cytokinesis.
The Rho family of small GTP-binding proteins represents attractive candidates for regulating cortical activities during cell division (Narumiya, 1996; Ridley, 1996; Gerald et al., 1998; Hall, 1998) . In smooth muscle cells, Rho is believed to promote contraction through the phosphorylation of myosin II regulatory light chains (Kimura et al., 1996) . In dividing echinoderm (Mabuchi et al., 1993) and frog embryos (Kishi et al., 1993; Drechsel et al., 1996) , inhibition of Rho prevented cytokinesis from taking place and caused preformed furrows to regress. In one simple model, Rho is deactivated as cells enter mitosis, causing the disassembly of focal adhesions and stress fibers. During anaphase and telophase, localized reactivation of Rho along the equator triggers actin-myosin II interactions and activates cytokinesis.
However, our observations suggest a considerably more complicated picture. We found that adherent NRK cells respond immediately to C3 injection during prometaphase and metaphase, suggesting that some Rho activities are not only maintained during mitosis but are required for a normal cell morphology. In addition, unlike embryos, most cultured cells cleaved successfully upon the injection of C3. Thus, either some actin-myosin II interactions can take place in the presence of high concentrations of C3, or a Rho-independent motor is involved in the cleavage of these adherent cells.
Inhibition of Rho also induces several striking effects on dividing NRK cells. First, cortical actin moved immediately toward the central region during metaphase, accompanied by a transient spreading of cells that adhere to their neighbors. Second, all injected cells showed cleavage or cortical ingressions, without an apparent concentration of actin or myosin filaments along the furrow. Third, the cleavage furrow became elongated and ectopic furrows appeared in many cells, creating multiple anuclear fragments. Fourth, cleavage persisted even when mitosis was blocked with nocodazole. Since these effects were never observed in control cells, they cannot be easily explained as incomplete inhibition of an existing activity by suboptimal concentrations of C3. Moreover, identical results were obtained at increasing concentrations of C3 up to 1.0 mg/ml, which readily causes cell retraction and stress fiber disassembly in interphase cells.
The effects of C3 appeared to be highly dependent on cell adhesion. Ectopic cortical ingressions were observed before anaphase in well adherent NRK cells, but were not apparent in poorly adherent HeLa cells. Such effects took place in 3T3 cells only when the cells started to respread. In addition, while both NRK cells and respreading 3T3 cells developed elongated furrows, cleavage never even passed beyond an early stage in HeLa cells. Our results suggest that Rho is required for cytokinesis in the absence of traction forces, as in embryos and HeLa cells. However, Rho is involved in the spatial and temporal regulation of cortical ingression in the presence of adhesion forces, as in adherent epithelial cells.
Taken together, our observations cannot be easily explained with a model of Rho-activated cortical contraction, which would predict an inhibition of cytokinesis in all cell types by C3 as when cells were treated with cytochalasins. They indicate that Rho plays a more delicate role in coordinating the spatial and temporal pattern of cleavage with mitosis. One plausible explanation is that Rho regulates the mechanical integrity and strength of the cortex. Weakening of the cortex by C3 during metaphase causes the collapse of cortical actin toward the cell center, as well as an apparent spreading of the cell due to outward mechanical forces exerted by the neighbors. Subsequent interplay of cleavage forces and cell-cell, cell-substrate adhesive forces then leads to irregular ingressions and ectopic furrowing throughout a weakened cortex. This model suggests that cytokinesis of adherent cells is normally driven not only by localized contractions along the equator, but by localized weakening or "solation" of the cortex coupled to traction or adhesion forces.
The involvement of cortical disintegration in cytokinesis was first suggested based on electron microscopic observation of the thickness of the cortex (Schroeder, 1972) . The cortex maintained a constant thickness despite the decrease in the diameter of the furrow, suggesting that materials are being removed continuously during the contraction. There is now evidence that cleavage can take place when such cortical disassembly is coupled to traction forces. In Dictyostelium , myosin II-null mutants cannot divide in suspension, but can divide when cells are adhered to the substrate, through a "traction-mediated cytofission" or "attachment-assisted mitotic cleavage" (Spudich, 1989; Neujahr et al., 1997a) . As in the present case, cleavage took place without an apparent concentration of actin or myosin II along the equator (Neujahr et al., 1997a,b) .
It is important to determine the spatial and temporal distribution of Rho activities during cell division. We cannot rule out the possibility that high activities of Rho are present along the equator during the early stage of cytokinesis, as suggested by the localization of RhoA (Takaishi et al., 1995; Madaule et al., 1998) . However, the lack of effects with excess wild-type RhoA, constitutively active mutant forms of RhoA, or lysophosphatidic acid in the present experiments suggests that RhoA activity may normally be maintained at a high level in cultured cells, and that any localization of activities involves redistribution rather than net activation. Equally important is whether and how Rho activities decrease during subsequent stages of cytokinesis. Our observation that late injections of C3 resulted in the largely normal cleavage is consistent with the idea that Rho activities may decrease normally after furrow initiation, through either a GDP-or proteolysismediated pathway. This may lead to the solation of the cortex and allow the cleavage to proceed to completion.
Finally, it is important to determine the relationship between Rho proteins and signals that emanate from the mitotic spindle. Our observations indicate that the effects of C3 did not involve spindle microtubules, since both the mitotic spindle and an associated chromosomal passenger protein, TD60, appear to be unperturbed by the injection of C3 toxin. In addition, while normal cytokinesis requires the continuous presence of interzone microtubules (Fishkind et al., 1996; Wheatley and Wang, 1996) , cortical responses to C3 transferase can occur without the proximity of these microtubules and can proceed after microtubule depolymerization. Therefore, Rho-mediated signals are likely to lie downstream from spindle signals. By manipulating directly the activities of Rho, we have likely caused a "short circuit" of the regulatory mechanism and induced cleavage independent of signals from the mitotic spindle.
